Tungsten trioxide (WO 3 ) thin films gas sensors were prepared by the KrF excimer pulsed laser deposition (PLD) method. The films were prepared on the quartz glass, silicon and also on the Al 2 O 3 sensor substrates with platinum interdigitated electrodes. The effect of doping of the platinum (Pt), palladium (Pd) or gold (Au) on the WO 3 thin film was also investigated. These metals were doped to the WO 3 thin film by the DC sputtering process during the PLD. The substrate temperature and the oxygen pressure were 400 C and 100 mTorr, respectively, during the deposition. The films were characterized by atomic force microscopy (AFM) and X-ray diffraction (XRD). The sensitivity of the prepared sensors to 60 ppm NO gas was examined using the two terminal resistance method in a chamber at atmospheric pressure and operating temperatures of 25 -350 C. The sensitivity of the WO 3 thin films doped with Pt, Pd, or Au was found to be higher than that of the undoped WO 3 thin film.
Introduction
Nitrogen oxides, NO x (NO 2 or NO) is a source of ozone (O 3 ) which is the main cause of smog in large cities through a photolytice decomposition of NO 2 by the solar radiation and is harmful to the environment as a source of acid rain. 1) On the global scale, the major sources of NO x are the combustion of fossil fuels, biomass burning, lightening and microbiological emissions from the soil.
2) As the number of automobile is increasing, the emission of NO x has become mainly originated from the motor engine.
3) These gases are also known to be a kind of toxic gas that can cause diseases of the respiratory system. 4) In the last few years, there has been growing interest for the control of air pollutants and monitoring of toxic gases. According to the American Conference of Governemntal Industrial Hygensit, the threshould limit values (TLV) for NO 2 and NO are 3 and 25 ppm, respectively.
5) The permissible exposure levels, which are the time-weighted average concentrations that must not be exceeded during an 8 h work of 40 h workweek are set to 5 ppm for nitrogen dioxide. 6) Tungsten is a transition metal that can be found at different oxidation states (W 4þ , W 5þ , W 6þ ) enhancing the oxidizing properties of NO 2 at the surface of tungsten oxide. The sensitivity of WO 3 thin film to NO x gas depends upon the film properties such as composition, morphology and microstructure. The film properties are related to the preparation technique, deposition conditions and the subsequent annealing process.
6) The mechanisms to detect gases are based on the interactions between the surface of the semiconductor crystallites and the gases which build up schottky barriers between the adjacent grains. The gases modulate the height of the barriers, which cause the sensor conductance to change accordingly. 7) WO 3 is a wide band-gap n-type semiconductor that has attracted much recent interest as a promising material for sensor because of its excellent sensitivity and selectivity. 8) Yamazoe and Miura 9) were amongst the first to report that the tungsten trioxide sintered films are selective sensors for low concentrations of nitrogen oxides. The WO 3 thin film doped with noble metal platinum (Pt) has been found to be more sensitive and selective, and have been shown to give a faster response to NO x gas.
5)
The film structure plays a major role in gas sensing behavior. 10) This is mainly because of grains and grain boundary regions are expected to have significantly different electronic properties and, accordingly, to show a different electronic response after the interaction with gases.
11) It is known that the sensitivity of the WO 3 based sensors to NO 2 is many times higher than that to NO and most of the reported promoters are also known to be a good oxidation catalyst. As a result, one of the roles of the promoter is to provide the surface for the catalytic conversion of NO to NO 2 that are responsible for the high sensitivity associated with the promotion. 12) There are various methods to prepare WO 3 thin films such as a sol-gel method, chemical vapor deposition, thermal evaporation, rf sputtering and spray pyrolysis. [13] [14] [15] [16] [17] [18] Each method has its own advantages and disadvantages. Pulsed laser deposition method seems more suitable than the others.
18) It has become a widely used technique for the deposition of thin films for this decade due to its various advantages of simple system setup, wide ranging deposition conditions, wider choice of materials and higher deposition rates. It has also advantages in reproducibility and controllabilities of stoichiometry and crystalline structure.
In this research, WO 3 thin film gas sensors were prepared by doping with Pt, Pd, or Au separately by the KrF excimer pulsed laser deposition and the DC sputtering process simultaneously with a view to detect NO gas with higher sensitivity at lower operating temperature compared with an undoped WO 3 thin film. The crystalline structure and the crystallographic orientation of the prepared thin films were examined by X-ray diffraction (XRD). The surface morphology and the structure of the films were observed by atomic force microscopy (AFM).
Experimental Procedure
Experimental setup of the KrF excimer pulsed laser deposition (PLD) system is shown in Fig. 1 . The chamber was evacuated to a base pressure of 1:5 Â 10 À5 Torr before deposition. The target (WO 3 , Dowa, purity = 99.99%, diameter = 30 mm) was ablated by the KrF excimer laser (Lambda Physik LPX305icc, maximum energy = 650 mJ, ¼ 248 nm, pulse duration = 25 ns) with the repetition rate of 10 Hz for 15 min. A single crystalline silicon n-type wafer (100) and an alumina (Al 2 O 3 ) ceramic substrate on which Pt interdigitated electrodes had been printed, called sensor substrate was used. The distance between the target and the substrate was 5 -6 cm. The WO 3 target was rotated at 20 rpm to avoid pitting by the laser. The substrates were cleaned using an ultrasonic agitator in a repeated bath of ethanol and then rinsed in the high purity deionized water. In the deposition the substrate temperature was kept in the range of 300 to 500 C by an IR lamp and the oxygen pressure inside the chamber was changed from 100 to 300 mTorr. WO 3 thin films were deposited on the silicon substrate Si(001) and the quartz glass substrate. The crystalline structure and the crystallographic orientation of the prepared films were examined with Cu K radiation. The surface morphology and the structure of the films were observed by AFM (Seiko Instruments, SPI3800N). To prepare sensors, undoped WO 3 , Pt doped WO 3 , Au doped WO 3 , and Pd doped WO 3 thin films were deposited on the Al 2 O 3 sensor substrate. The Pt, Pd, and Au wires, purity 99.99%, diameter of 1 mm and length of 100 mm in a circular form were used separately between the target and the substrate and they were sputtered on the sensor substrate during deposition for 1-2 min by the DC sputtering by applying a negative bias voltage. Argon gas flow of 50 sccm with pressure of 100 mTorr was used during the sputtering process. The prepared films were annealed inside the chamber for 30 min in the same condition. The sensor was exposed to N 2 gas and also 60 ppm NO gas (N 2 balanced) separately. Before measuring the sensitivity of the sensor, it was heated at a temperature of 300 C for 3 h. The resistance of the sensor substrates in N 2 gas and also in 60 ppm NO gas was measured using the two terminal resistance method in a beljer at atmospheric pressure. The operating temperature of the sensors was varied from room temperature to 350 C using a temperature controller. The data of resistance and temperature were recorded at every 5 s by the data logger (HP34970 A) controlled by a personal computer. The sensitivity of the sensors to NO gas was calculated using the ratio R NO =R N2 , where R NO and R N2 are the sensor resistances in NO gas and N 2 gas, respectively.
Results and Discussion
The result of XRD of undoped WO 3 , Au doped WO 3 , Pt doped WO 3 , and Pd doped WO 3 thin films is shown in Fig. 2 . The full width of the half maximum (FWHM) of the WO 3 (001) diffraction peaks of Au doped WO 3 , Pt doped WO 3 and Pd doped WO 3 thin films was larger than that of the undoped WO 3 thin film. By doping the structure of the WO 3 film was found to be changed. The crystallite sizes of tetragonal WO 2:9 in the Au doped, Pt doped and Pd doped thin films were much smaller than that of the triclinic undoped WO 3 thin film. The crystallite sizes calculated from the XRD data using Scherrer's equation were 32, 16, 18, and 23 nm for undoped, Au doped, Pt doped, and Pd doped WO 3 thin films, respectively. The doped WO 3 thin films may have more grain boundaries, which are sensitive regions to gases, and therefore this may lead to improvement in sensitivity due to the grain size effect.
The surface morphologies of the undoped WO 3 , Au doped WO 3 , Pt doped WO 3 , and Pd doped WO 3 thin films are shown in Figs. 3(a)-3(d) , respectively. The rms roughness of the undoped WO 3 , Pd doped WO 3 , Pt doped WO 3 , and Au doped WO 3 thin films are found to be 4.60, 2.19, 1.54, and 1.63 nm, respectively. And the grain sizes of these thin films were found to be 56.0, 40.6, 44.5, and 43.0 nm, respectively. The undoped WO 3 thin film is rougher than the Au or Pd doped WO 3 thin films. The grain size of the WO 3 film was found to be decreased by doping which is considered as an important factor to enhance the sensitivity of semiconducting gas sensors. 19 ) Figure 4 shows the resistance-temperature characteristics of the undoped WO 3 film to N 2 gas and 60 ppm NO gas. The resistance of the sensor has a negative temperature coefficient which reveals semiconductor property. Figure 4 also shows NO gas sensitivity profile of the undoped WO 3 film with a small variation in sensitivity with increasing temperature from 30 to 310 C. The maximum sensitivity is found to be around 4 at a temperature range of 140 -220 C. In Fig. 5 NO gas sensitivity profile of the Au doped WO 3 thin film shows higher sensitivity of around 17 at a temperature range of 120 -130 C and it is 5 times higher than that of the undoped WO 3 thin film at temperature of 120 C. The Fig. 6 shows the sensitivity of the Pt doped WO 3 thin film of around 15 at room temperature in a narrow temperature range of 30 -70 C which is 6 times higher than the undoped WO 3 thin film at a temperature of around 50 C. Figure 7 shows the sensitivity profile of the Pd doped WO 3 thin film, the higher sensitivity of around 19 at a wide range of temperatures of 30 -140 C which is 8 times higher than that of the undoped WO 3 thin film. This experimental result suggests that the doping of the Au or Pt or Pd results in a promotion of the sensitivity, which may be due to structural change in the films and its chemical sensitization. The increase in sensitivity can be explained from the measured AFM images and XRD pattern of the doped and undoped WO 3 thin film. By doping the grain size and crystallite size of the film is found to be decreased which results in increase of surface area, i.e., NO gas will get more surface area for chemical reactions and thus sensitivity is increased. Therefore, doping of the Au, Pt, or Pd on the WO 3 film promotes the sensitivity to NO gas than that of the undoped WO 3 thin film. The Pd doped WO 3 thin film showed the highest sensitivity to NO gas.
Conclusions
NO gas sensors were prepared by the WO 3 thin film on the Al 2 O 3 sensor substrate successfully using the PLD and the DC sputtering process. The sensitivity of the WO 3 thin film was improved by doping with the noble metal (Pt, Au, or Pd). The maximum sensitivity of the undoped WO 3 thin film was about 3.5 at temperature 180 C. The maximum sensitivity of the Au doped WO 3 thin film, Pt doped WO 3 thin film and Pd doped WO 3 thin film were found to 17, 15.5, and 20 at temperatures of 110, 40, and 120 C, respectively. The Pt doped WO 3 thin film showed the higher sensitivity at lower temperature compared with the undoped WO 3 thin film. In addition, the Pt doped WO 3 thin film showed high sensitivity at room temperature. The Pd doped WO 3 thin film showed the highest NO sensitivity among the WO 3 based thin film sensors tested. Thus doping of Pt, Au, or Pd can enhance the sensitivity of the WO 3 thin films to NO gas leading to lower operation temperature compared with that for the undoped WO 3 thin film sensor. Operating Temperature (°C ) Fig. 7 . Sensitivity of a Pd doped WO 3 thin film to 60 ppm NO gas.
